[1] We investigate the use of dielectric spectroscopy to estimate ice content in frozen porous media. A dielectric mixing model was used to determine the volumetric fractions of the different phases, based on knowledge of the bulk and single-phase dielectric permittivities. Measurement of the dielectric permittivities at two different frequencies with an impedance analyzer is required to infer ice content. One of the frequencies (25 kHz) has to be close to the relaxation frequency of ice; the other frequency (158 kHz or higher) must be well above the relaxation frequency of ice to obtain a different permittivity value of the ice phase. The theory was tested with three soil samples containing different amounts of clay. Dielectric permittivities of the soil samples were determined between 0.1 and 200 kHz, and in the temperature range of À30°C to +5°C. Ice content was successfully determined for a loamy sand sample. However, surface phenomena at low frequencies (such as double-layer polarization, surface conduction, and Maxwell-Wagner type effects) made ice content estimation using our proposed methods unfeasible in silty loam and clay samples, which had 13% and 46% clay by weight, respectively. 
Introduction
[2] Soils and rocks are multiphase systems whose dielectric behavior is both frequency and temperature dependent. Many experiments have been performed to clarify the dielectric behavior of soils and rocks [Hoekstra and Delaney, 1974; Olhoeft, 1981; Hallikainen et al., 1985; Heimovaara et al., 1996; Friel and Or, 1999; Shang et al., 1999] , and to model the dielectric behavior using mixing models [Roth et al., 1990; Seyfried and Murdock, 1996; . An important application of electromagnetic methods is the determination of water contents in porous media [Topp et al., 1980] . While these methods have been successful in unfrozen soil, complications arise in the presence of ice. The fraction of liquid water and ice change with temperature. When temperature drops below 0°C in a porous medium, part of the pore water may remain unfrozen if the forces exerted by the material lower the freezing point of the water [Miller, 1980; Spaans and Baker, 1996] .
[3] Several methods have been proposed to measure the contents of ice and liquid water in soils, including gas dilatometry [Koopmans and Miller, 1966; Spaans and Baker, 1995] and nuclear magnetic resonance (NMR) [Black and Tice, 1989] . In gas dilatometry one determines the ice content by measuring the increase in gas pressure due the volume expansion of water during ice formation. The liquid water content can only be determined from mass balance consideration or has to be measured independently [Spaans and Baker, 1995] . NMR measures the liquid water content and the ice content is inferred by mass balance. For a quantification of both liquid and frozen water contents, these methods rely on knowledge of the total water content of the porous medium.
[4] Time domain reflectometry (TDR) has been successfully used to measure unfrozen water contents [Spaans and Baker, 1996; Roth and Boike, 2001] . However, TDR cannot simultaneously detect liquid water and ice contents in frozen soils. Ice undergoes relaxation at relatively low frequencies (about 1 to 10 kHz) [Hoekstra and Doyle, 1971; Hasted, 1973; Petrenko and Whitworth, 1999] , and its permittivity in the TDR bandwidth, a few megahertz to 1.5 GHz [Heimovaara, 1994] , is about 3.2, which is close to the permittivity of dry soil in the same bandwidth [Hallikainen et al., 1985; Wraith and Or, 1999] . This behavior makes ice practically undetectable with TDR. However, below about 10 kHz relaxation phenomena increase the dielectric permittivity of ice [Hasted, 1973; Petrenko and Whitworth, 1999] , opening the possibility of measuring ice content with lowfrequency dielectric spectroscopy.
[5] The aim of this work was to develop a methodology to simultaneously quantify unfrozen water and ice content in porous media. Our approach was to measure the dielectric properties of soils as a function of frequency and temperature. Because ice undergoes relaxation between 1 and 10 kHz, we selected a frequency range of 0.1 to 200 kHz to fully identify the dielectric contribution of ice to the overall bulk dielectric properties. Measurements were made at temperatures between À30 and +5°C.
Materials and Methods

Model for Frequency-Dependent Dielectric Properties
[6] To model the frequency-dependent dielectric properties of a medium, we employed the Debye [1929] model, as modified by Cole and Cole [1941] :
where i = ffiffiffiffiffiffi ffi À1 p , f is the frequency (Hz), f rel is the relaxation frequency (Hz), 1 is the dielectric permittivity at infinite frequency, stat is the static dielectric permittivity, 0 is the dielectric permittivity of free space (8.854 Â 10 À12 F/m), and s DC is the electrical conductivity at zero frequency, i.e., in a DC field. When b is equal to zero, the material has a single characteristic relaxation frequency or time (original Debye [1929] model) . Finite values of b represent broader relaxation time distributions, and b is a characteristic of dielectric heterogeneity. The Cole-Cole model has been frequently used to derive dielectric parameters for rock and soil materials [Taherian et al., 1990; Heimovaara et al., 1996; Friel and Or, 1999] .
Experimental System
[7] We used an impedance-gain-phase analyzer (Solartron Schlumberger Tech., Model 1260), a sample cell, coaxial cables, a liquid nitrogen cryostat, and a data logger for control and data collection. We used disc-shaped samples contained in a four-terminal dielectric cell (Figure 1a) . The parallel-plate electrodes were of relatively large area separated by a small distance so that edge effects are negligible [Hill et al., 1969] . Temperature was controlled by a cryostat, which regulated the amount of liquid nitrogen. The capacitor was enclosed in a second, sealed cylindrical stainless steel container (Figure 1b) , and not in direct contact with liquid nitrogen. The air chamber had the function of reducing the temperature gradient between liquid nitrogen and sample chamber, therefore allowing better temperature control. The temperature was measured with two platinum resistance thermometers (PRT, Pt100) positioned at the bottom of the lower capacitor plate and inside the stainless steel container, respectively. (The experimental setup was designed and developed by the Kirchhoff Institute of Physics, University of Heidelberg, Germany).
Determination of Dielectric Properties
[8] Measurements of dielectric properties were made by assuming a parallel combination of a resistor and a capacitor. At the beginning of each experiment, we determined the ''geometrical'' capacitance (C geom ) which is given by:
where C empty is the capacitance of the empty capacitor in vacuum and the ''parasitic'' capacitance (C par ) is the capacitance of the lower plate in vacuum. These values were then used to calculate 0 and 00 such that [Hill et al., 1969] 0
where C is the measured capacitance (F) of a sample, f is frequency (Hz), and R is measured resistance (W). We measured the frequency and temperature dependence of pure ice to test the experimental system by comparison with published results and ensure experimental accuracy and reproducibility. Polycrystalline ice was generated by freezing deionized water (s DC % 7 Â 10 À4 dS/m). The porous materials (Table 1) were measured under ovendry and water-saturated conditions. Ovendry samples were dried at 105°C for 24 hours. Water-saturated samples were immersed in deionized water and placed under partial vacuum for 24 hours to remove entrapped air.
[9] Dielectric properties were recorded at frequencies ranging from 0.1 to 200 kHz and at temperatures ranging from À30 to +5°C. Samples were first cooled to À30°C within 360 minutes, equilibrated for 180 minutes, and then warmed at a rate of 0.09°C per minute. Measurements were taken during the thawing cycle to avoid problems associated with supercooling. All measurements were made at atmospheric pressure.
Parameterization of the Debye Model
[10] The Debye model (1) was fitted to the experimental data by minimizing the sum of square residuals between experimental data and model. The objective function was minimized using the downhill simplex method in multiple dimensions due to Nelder and Mead [Press et al., 1992] . The parameter estimation was performed with MatLab (version 5.3, MathWorks, Inc., Natick, MA). For the fitting of the Debye model to polycrystalline ice, we used published data for the static permittivity s [Petrenko and Whitworth, 1999] and the infinite frequency permittivity 1 [Hasted, 1973] as a function of temperature, and fixed these values during fitting. 2.5. Determination of Ice Content in a Four-Phase System
[11] We assume that the bulk dielectric permittivity b of a porous medium can be written as a four-phase mixing model [Birchak et al., 1974; Seyfried and Murdock, 1996] :
where l , i , a , and s are the dielectric permittivities of liquid water, ice, air, and solid phases, respectively, a is a parameter related to the geometrical arrangement of the phases, and q l , q i , q a , and q s are the volume fractions of the phases such that
and the volume fraction of the solid phase can be expressed via the porosity f as:
Assuming that b , of the individual phases, a, and f are known, then we need one more equation to solve for the volume fractions q l , q i , q a , and q s . For a fixed temperature, only i depends on frequency below 1 MHz. Measurement of the bulk dielectric permittivities at different frequencies f n yields additional equation (5), and we can write:
[12] If we choose two frequencies near the ice relaxation where the dielectric permittivity of the ice differs considerably, then we have a system of four equations (equations (6), (7), and (8) (with n = 2)) that can be solved for the volume fractions of the individual phases. The solution of equations (6), (7), and (8) (with n = 2) for the ice and liquid water content in a four-phase system is
and
where subscripts 1 and 2 refer to two different frequencies, and
Determination of Ice Content in a Three-Phase System
[13] In our experiment, the medium is saturated and the equations simplify to:
This yields
[14] With equations (13) and (14), we can calculate ice and liquid water contents based on permittivity measurements and the total water content of the samples. We can write equation (12) in terms of the volume fractions of liquid water, ice, and soil for a given temperature as:
where V liquid,initial is the total volume of liquid water, V tot is the total bulk soil volume, V i is the volume of ice, and V s is the volume of soil minerals. The factor 0.084 comes from [Petrenko and Whitworth, 1999, p. 12] ). In terms of volume fractions, equation (15) now reads:
[15] Equations (11), (15), and (17) now yield the ice and liquid contents for the three-phase system with knowledge of total water contents such that
In contrast to equations (13) and (14), the permittivities in equations (18) and (19) are all at the same frequency.
[16] The parameters needed for determination of ice and liquid water contents were obtained as follows: The initial water content (q l,initial ) was measured at the beginning of the experiment. The bulk dielectric permittivity ( b ) was measured at different temperatures and frequencies. The permittivity of the liquid phase ( l ) below 0°C was obtained from data of Archer and Wang [1990] . The permittivities of polycrystalline ice ( i ) and ovendry soils ( b,dry ) were measured as function of temperature and frequency. The solid phase permittivity ( s ) was then obtained by assuming a two-phase mixing model as
The parameter a was set to 0.5, representing a random arrangement of soil particles [Roth et al., 1990] .
Experimental Approach
[17] We first tested the experimental system by measuring pure ice. We then applied the methodology for estimating ice content in porous media by using soil samples of varying texture (Table 1 ). The mineralogy of the samples was dominated by quartz, feldspar, kaolinite, and illite (Table 2) .
Results and Discussion
Frequency and Temperature Dependence of Dielectric Properties for Polycrystalline Ice
[18] The dielectric permittivity of polycrystalline ice shows the expected temperature and frequency dependence (Figure 2 ). At very low frequency (0.1 to 0.25 kHz), the increase in 00 depicts the well-known space-charge polarization effect (Maxwell relaxation) [Hasted, 1973; Johari and Jones, 1978] . These results agree with published data [Hasted, 1973; Johari and Jones, 1978; Petrenko and Whitworth, 1999] . At higher frequency (158 kHz) the real permittivity is near 1 .
[19] The different relaxation times as functions of temperature and frequency are easily distinguishable in the real and the imaginary part of the permittivity (Figure 2 ). The data are also displayed as Cole-Cole plots (Figure 3 ). The Minerals are listed in order of relative abundance in each size class. Mineralogy was determined with X-ray diffraction with Cu-Ka radiation (Philips XRG 3100, Philips Analytical Inc., Mahwah NJ). Fractionation of particle size was done after removal of organic matter and carbonates [Whittig and Allardice, 1986] . (Table 3 ). The experimental data follow the semicircle closely, indicating that the material has a single relaxation time [Daniel, 1967] . Ice has indeed been found to have a single relaxation time [Auty and Cole, 1952; Humbel et al., 1953; Petrenko and Whitworth, 1999] .
[20] The parameters of the Debye model obtained by fitting reveal that the principle relaxation of ice takes place in the range of 0.58 kHz (at À30°C) to 9.8 kHz (at À0.01°C), with an increase in relaxation frequency with increasing temperature (Table 3 ). The relaxation frequencies agree with reported data [Auty and Cole, 1952; Humbel et al., 1953; Johari and Jones, 1978] . For example, Humbel et al. [1953] report a relaxation frequency for ice of 2.77 kHz at À10.8°C, which compares to our 2.80 kHz at À10.0°C. Our data also closely follow the regression equation given by Auty and Cole [1952] 
with A = 5.3 Â 10 À16 s, B = 3154.9 J/mol, R = 8.314 J/ (mol K), and the temperature T is in Kelvin (Figure 4 , fitted curve).
[21] The real part of the dielectric permittivity increased with increasing temperature, and the rate of increase depends on frequency (Figure 5a ). At a frequency of 25.1 kHz, 0 for ice ranged from 3.5 at À30°C to 19.6 at À0.01°C. At this frequency, ice has a dielectric permittivity different from the one at high frequencies; at higher fre- quencies the dielectric permittivity of ice drops to 1 = 3.2. This behavior of the dielectric permittivity of ice gives us two independent measurement frequencies needed for equation (8) or equation (11). (20)) solid phase permittivities ( s ) showed small frequency and temperature dependence (Figure 6 ). The dielectric permittivity of ovendry Walla Walla, for instance, changed from 4.28 at À30°C to 4.36 at 5°C at a frequency of 158.1 kHz. The calculated solid phase permittivity ( s ) increased from L-Soil to Walla Walla to Red Bluff, coincident with an increase in clay content (Table 1 ). The dominant minerals in the clay fraction were kaolinite and illite (Table 2) , both with dielectric permittivity of 10 to 12 [Olhoeft, 1981] , while quartz and feldspar with dielectric permittivity of 4 to 6 [Olhoeft, 1981] dominated the sand and silt fractions. The increase in soil phase permittivity from the sandy soil (L-Soil) to the clay soil (Red Bluff) is therefore due to increasing amount of clay minerals displaying higher dielectric permittivities.
Frequency and
Water-Saturated Soils
[23] The dielectric permittivity of the three soil samples show distinct differences. The real part of the permittivity varied by more than one order of magnitude as a function of frequency for some temperatures. For all soils, the dielectric permittivity decreased with increasing frequency and decreasing temperature (Figures 7) . The large permittivities observed at low frequencies are likely due to surface polarization of minerals . This behavior is also apparent in the imaginary part of the permittivity, which decreased with increasing frequency. These results agree with other studies [Scott et al., 1967; Dias, 1968 Dias, , 1972 Olhoeft, 1977; Myers and Saville, 1989; Garrouch and Sharma, 1994] where remarkably high dielectric permittivities and conductivities were observed for porous materials at low frequencies. [24] Figure 7 also shows the effect of texture on the permittivity. At low frequency (<1 kHz) the permittivity increased considerably with decreasing particle sizes in the samples. Low-frequency dielectric permittivities in soils between 0.01 and 1 kHz have been found to be dominated by Maxwell-Wagner or other effects, such as surface conduction, ion exchange, and independent polarization of interfaces [Olhoeft, 1977 [Olhoeft, , 1985 . Surface conduction, ion exchange, and polarization of interfaces become more pronounced as particle size decreases, and dominate the low-frequency dielectric permittivity in clay soils [Olhoeft, 1985] . As the clay content increased from 3.2% to 13.3% to 45.5%, the dielectric permittivity at 0.1 kHz and À1°C increased from 600 to 4200 to 19000, respectively. Relaxation between 1 and %100 kHz is caused by Bjerrum defects, i.e., protonic point defects in the ice structure [Olhoeft, 1977; Petrenko and Whitworth, 1999] .
[25] The mineralogy of the soil samples was fairly uniform, with quartz and feldspar dominating the sand and silt fractions, and kaolinite and illite dominating the clay fraction (Table 2 ). Vermiculite and smectite, which have large high-frequency dielectric permittivities (%200 for montmorrilonite [Olhoeft, 1981] ) and large cation exchange capacity (CEC), were present to some extent in Walla Walla silt loam and L-soil sand, but the amounts were minor, so that we do not expect a significant contribution of these minerals to the overall dielectric permittivity. The major minerals in the clay fraction were kaolinite and illite, both of which have high-frequency dielectric permittivity of 10 to 12 [Olhoeft, 1981] and small CEC compared to vermiculite and smectite. Given this similarity in mineralogical composition between the soil samples, we attribute the different dielectric behavior among the soils at low frequencies to the different amounts of clay in the samples.
[26] The relaxation frequencies increased with increasing temperature for the three saturated soil samples (Table 4 ). In addition, both the relaxation frequency and the permittivity increased with increasing clay content of the soils, in the order L-Soil, Walla Walla, and Red Bluff. This observation qualitatively agrees with results obtained by others [Lima and Sharma, 1992; Garrouch and Sharma, 1994] , who reported an increase in dielectric permittivity with increasing CEC. Garrouch and Sharma [1994] found that the dielectric permittivity increased by 200% when clay content increased from 12 to 24%, for samples having the same porosity and wettability.
[27] Water closer to a solid surface displays relaxation at lower frequencies than does water farther away from the surface, due to short-and long-range forces which modify its properties, and the relaxation frequency of water decreases with decreasing distance from the solid surface . reported that two main relaxations for water in the electric double layer occur between 1 and 1000 kHz: the first is caused by orientational polarization of adsorbed water molecules, and the second by slow diffusion-controlled relaxation due to polarization of the ions in the electric double layer. The relaxation frequencies observed for our soils could therefore arise from multiple relaxations due to ice and adsorbed unfrozen water. The occurrence of multiple relaxations in the soils was supported by the results of the Cole-Cole parameterization.
[28] The Cole-Cole parameter (b) expresses the degree of dielectric heterogeneity of the material, with larger values of b representing broader relaxation frequency distributions. The Cole-Cole parameter b showed the same trend for the three soil samples: an increase in value with decreasing sample temperature (Table 4) . We attribute the shift and spreading in relaxation with decreasing temperature to the increasing contribution of water closer and closer to soil mineral surfaces.
[29] The behavior of the DC conductivity in the three samples showed a textural dependence, with increasing values of s DC with increasing clay content, except for temperatures below À20°C (Table 4 ). The contribution of surface processes on the electrical conductivity of porous materials has been shown by several authors [Taherian et al., 1990; Kenyon, 1984; Dias, 2000] , relating the higher conductivity effects to the polarization of the electric double layer.
Determination of Ice Content
[30] Figure 5 shows warming curves for pure ice and the soils at different frequencies. All the soils show a reduction in the slope of the melting curve from low to high frequency due to the decreasing dielectric permittivity of ice and the reduced importance of surface phenomena with increasing frequency [Hasted, 1973; Johari and Jones, 1978; Lima and Sharma, 1992; Petrenko and Whitworth, 1999; Garrouch and Sharma, 1994] . At the highest frequency (158.1 kHz), the soil materials still display an increasing slope with increasing temperature, which is due to the melting of an increasing amount of ice, resulting in an increasing contribution of liquid water to the overall bulk permittivity. The high permittivities for liquid water between 0 to +5°C for low frequencies (<10 kHz) are caused by electrode polarization [Hasted, 1973] .
[31] We investigate the use of melting curves for estimating the ice content in frozen soils. As an example we discuss the L-Soil sand melting curve (Figure 8 ). At 158.1 kHz ice permittivity is about 3.2 for temperatures varying from À30°C to À0.01°C. At this frequency ice is not detectable because its dielectric permittivity is similar to that of ovendry soil. The bulk dielectric permittivity of the saturated L-Soil soil ranged from 3.26 to 15.49 between À30°C and À0.01°C, respectively. This increase in permittivity with increasing temperature is due to the increasing volumetric fraction of liquid water.
[32] At 25.1 kHz the melting curve for the saturated L-Soil sand drastically differed from that at 158.1 kHz (Figure 8 ). There was a more gradual increase of both the bulk and the ice permittivities with increasing temperature. The gradual increase of the bulk permittivity at 25.1 kHz is due to the increased dielectric permittivity of the ice phase at 25.1 kHz as compared to 158.1 kHz. The permittivity of the solid phase varied little with temperature, and was distinctly different from the permittivity of ice. We therefore selected 25.1 and greater than 158.1 kHz as the two frequencies necessary for equations (13) and (14). [33] Ice and liquid water contents determined with equations (13) and (14) for the three soils are shown in Figure 9 . The liquid water content as a function of temperature, also known as the freezing characteristic, is mirrored by the ice content. These curves clearly show the effect of the porous media's pore size distribution; in the coarse L-soil, which has a great percentage of large pores, most of the water melts at temperature close to 0°C. In the Walla Walla silt loam and in the clayey Red Bluff soil, ice contents were physically unreasonable. We attribute this failure of the mixing model in these two soils to increased bulk dielectric permittivity at the low frequency (25 kHz) caused by surface phenomena.
[34] Ice and liquid water contents obtained from mass balance considerations, equations (18) and (19), were used to test the proposed mixing model. Equations (18) and (19) allow us to obtain ice and liquid water contents at each of the two frequencies, 25.1 and 158.1 kHz (Figures 10a  and 10b) . If the proposed mixing model is correct, the measurements at the two frequencies should yield identical liquid water and ice contents. Indeed, for L-soil sand, the liquid water and ice contents at the two frequencies are similar (Figure 10c ). Also shown in Figure 10 are the ice and liquid water contents obtained from equations (13) and (14). For L-soil, equations (13) and (14) agree with equations (18) and (19) , showing that use of the mixing model determines ice and liquid water contents from dielectric permittivity measurements only.
[35] However, for the Walla Walla silt loam and for the Red Bluff clay, we observed poor agreement between the two frequencies ( Figure 10c ). The elevated liquid water content at 25 kHz is due to the increased bulk dielectric permittivity caused by surface phenomena. These effects are most pronounced in soils with high clay content. Consequently, the determination of liquid water and ice contents with equations (13) and (14) does not yield accurate results either.
Conclusions
[36] The four-phase mixing model, developed to determine volumetric liquid water and ice contents in a porous medium, requires the measurement of the bulk dielectric permittivity at two different frequencies. The two frequencies have to be chosen such that the dielectric permittivity of ice is considerably different. At frequencies larger than the relaxation frequency of ice (%1 to 10 kHz), the dielectric permittivity of ice is about 3.2, at frequencies smaller than the relaxation frequency, the dielectric permittivity is considerably larger. However, in soils, surface phenomena (such as double-layer polarization, surface conduction, and Maxwell-Wagner type effects) make the measurement of the dielectric permittivity at low frequencies (<10 kHz) not feasible. At an intermediate frequency of 25 kHz, the dielectric permittivity of ice is still considerably larger than 3.2, but (13) and (14). surface polarization in soils with low clay content is less pronounced. Consequently, the two frequencies chosen here for the quantitative determination of liquid water and ice are 25 kHz and >158 kHz. We successfully determined liquid water and ice contents for a soil sample with 3.2% clay content. However, in soils with high clay content (>13% by weight in our study), ice content estimation was not possible because of low-frequency dispersion effects.
[37] We cannot exactly tell at which clay content the surface phenomena start to interfere with the ice content estimation. Measurements on samples with gradually changing clay content would be necessary to determine the clay threshold. If it were possible to explicitly account for surface phenomena, then the proposed methodology would be more widely applicable to soils. Endres and Knight [1993] proposed a mathematical formulation to incorporate the effects of surface phenomena into the dielectric response of different media. They showed that the increased low-frequency permittivity was reduced when a the mathematical model was used to quantify low-frequency dispersion. Further experimental and theoretical investigation of the presented methodology could allow the application of the our approach to various frozen soils. 
